ETHYLENE INSENSITIVE 3 (EIN3) is a key regulator of ethylene signaling, and EIN3-BINDING F-BOX1 (EBF1) and EBF2 are responsible for EIN3 degradation. Previous reports have shown that the ebf1 ebf2 double homozygous mutant cannot be identified. In this study, the genetic analysis revealed that the ebf1 ebf2 female gametophyte is defective. The pollination experiment showed that ebf1 ebf2 ovules failed to attract pollen tubes. In female gametophyte/ovule, the synergid cell is responsible for pollen tube attraction. Observation of the pEIN3::EIN3-GFP transgenic lines showed that EIN3 signal was over-accumulated at the micropylar end of ebf1 ebf2 female gametophyte. The overexpression of stabilized EIN3 in synergid cell led to the defect of pollen tube guidance. These results suggested that the over-accumulated EIN3 in ebf1 ebf2 synergid cell blocks its pollen tube attraction which leads to the failure of ebf1 ebf2 homozygous plant. We identified that EIN3 directly activated the expression of a sugar transporter, SENESCENCE-ASSOCIATED GENE29 (SAG29/SWEET15). Overexpression of SAG29 in synergid cells blocked pollen tube attraction, suggesting that SAG29 might play a role in ethylene signaling to repel pollen tube entry. Taken together, our study reveals that strict control of ethylene signaling is critical for the synergid cell function during plant reproduction.
INTRODUCTION
Ethylene is a gaseous phytohormone that plays crucial roles in various biological processes, including fruit ripening, abscission, stress response, cell expansion inhibition and senescence (Abeles et al., 1988; Bleecker and Kende, 2000) . Ethylene signaling initiates with the perception of ethylene by ER-located receptors, which interact with a Raf-like protein kinase, CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1), to form a negative regulator complex (Bleecker et al., 1988; Clark et al., 1998; Hua and Meyerowitz, 1998) . This complex inhibits the essential positive regulator of ethylene signaling, ETHYLENE INSENSITIVE 2 (EIN2), until ethylene is present. Once ethylene signaling is activated, EIN2 activates two master transcription factors, ETHYLENE INSENSITIVE 3 (EIN3) and its homolog EIN3-LIKE 1 (EIL1), in the nucleus, and these transcription factors regulate multiple ethylene responses (Binder et al., 2004; Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012; Chang et al., 2013; Li et al., 2015) .
In the ethylene signaling pathway, EIN3 and EIL1 regulate the vast majority of downstream target genes (Li et al., 2013; Kim et al., 2014; Qiu et al., 2015) . The amounts of these two transcription factors are strictly governed by two critical F-box proteins, EIN3-BINDING F-BOX1 (EBF1) and EBF2, which have been reported to degrade EIN3 and EIL1 through the ubiquitin/26S proteasome pathway (Guo and Ecker, 2003; Potuschak et al., 2003; An et al., 2010) . The simultaneous loss of EBF1 and EBF2 results in the overaccumulation of EIN3 and EIL1 proteins, which, in turn, leads to a constitutive ethylene response (Guo and Ecker, 2003; An et al., 2010) . The ebf1 and ebf2 single mutants show normal vegetative and reproductive growth (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004 ; Figure S1 ). However, the homozygous double mutant ebf1 ebf2 is difficult to obtain from heterozygous parents . Interestingly, knockout of EIN3 in ebf1 ebf2 double mutants results in a significant restoration of fertility, although the mutant still shows numerous ethylene response phenotypes in vegetative growth . These observations indicate that endogenous control of EIN3 protein abundance by EBF1/2 signaling is crucial for plant reproduction, but the underlying mechanism is still unknown.
Sexual reproduction in flowering plants requires the production of two gametophytes: the pollen (male gametophyte) and embryo sac (female gametophyte). Pollen is produced by the anthers, which are initiated from the stamen primordia (Sanders et al., 1999) . Each pollen grain contains one vegetative cell and two sperm cells. In contrast, the embryo sac is located inside the ovule, which includes the outer integuments; the nucellus, which is controlled by the sporophyte, and the inner embryo sac, which is controlled by the gametophyte. The embryo sac is composed of seven cells in Arabidopsis. One egg cell and two synergid cells are located at the micropylar end of the ovule. One central cell is in the middle of the embryo sac, and three antipodal cells are at the chalazal end of the ovule (Drews and Yadegari, 2002; Yang et al., 2010) . Synergid cells are responsible for attracting the pollen tube, but only one pollen tube is attracted into each ovule. The disappearance of the persistent synergid cell after double fertilization ensures that the attraction of the second pollen tube is blocked. Ethylene signaling activation triggered by egg cell fertilization has been demonstrated to be largely responsible for the programmed cell death of the persistent synergid cell (Volz et al., 2013; Maruyama et al., 2015) . Conversely, over-activation of ethylene signaling, such as that in the ctr1 mutant, also leads to abnormal synergid degradation (Volz et al., 2013) . These observations collectively implicate ethylene signaling as an important regulator of synergid cell lifespan and pollen tube attraction.
Here, we discovered that EBF1 and EBF2 are essential for synergid functioning for pollen tube attraction. Their loss in ebf1 ebf2 synergid cells impairs pollen tube attraction, which can be largely restored in ebf1 ebf2 ein3 triple mutants. EIN3 is over-accumulated in ebf1 ebf2 synergid cells, impairing pollen tube attraction. SAG29 was identified to be one of the direct targets of EIN3, and its overexpression was sufficient to impair pollen tube attraction. Our results indicate that ethylene signaling mediated by EIN3 and its direct target SAG29 should be strictly controlled by EBF1 and EBF2 to ensure normal synergid function and embryonic development.
RESULTS

ebf1 ebf2 is defective in female gametophytic and embryonic development
Previous studies have reported that it is difficult to identify homozygous ebf1
À/À plants and that the fertility of ebf1-1 À/À ebf2-1 +/À is reduced (Guo and Ecker, 2003) . We obtained the ebf1-1 À/À ebf2-1 +/À allele used in the previous study and observed the vegetative growth and seed set of ebf1
. The plant is slightly small and weak in vegetative growth and displayed reduced fertility. A number of aborted seeds could be observed in its siliques (Figure 1a ). In the wild type, approximately 95.53% of seeds were normal, while only 42.38% of seeds were normal in ebf1
+/À siliques ( Figure 1b) . Seed abortion can result from developmental defects of the male sporophyte and gametophyte, female sporophyte and gametophyte or embryo. To understand the functions of EBF1 and EBF2 in plant reproduction in detail, a genetic analysis was performed. In the selfed progeny of ebf1 
might also be defective. To confirm whether these defects were caused by the knockout of EBF1 and EBF2, we constructed P EBF1 ::EBF1-GFP and P EBF2 ::EBF2-GFP vectors and introduced them into ebf1
+/À and ebf1 +/À ebf2 À/À plants, respectively.
We successfully obtained ebf1 À/À ebf2 À/À plants with the complemented P EBF1 ::EBF1 genomic-GFP, and these plants showed normal fertility ( Figure 1a ). This result indicates that P EBF1 ::EBF1-GFP could complement the defective female gametophytic and embryonic development of ebf1
. We also obtained P EBF2 ::EBF2-GFP transgenic plants with an ebf1
À/À background, but these plants were arrested in the early vegetative stage. They gradually turned yellow and failed to bolt ( Figure S2 ). This result indicates that EBF2 is sufficient to complement the reproductive defect in the ebf1 À/À ebf2 +/À plant. However, EBF2 alone is not sufficient to complement its vegetative growth of the ebf1
Pollen tube attraction is impaired in the ebf1 ebf2 female gametophyte
As the reproductive defect of ebf1
female gametophytic origin, we next used confocal laser scanning microscopy to examine whether ovule development is normal in ebf1 À/À ebf2 +/À pistils (Christensen et al., 1998a,b) . The development of the female gametophyte in ebf1 À/À ebf2 +/À and wild type was indistinguishable during the coenocytic and later differentiation stages ( Figure S3a , b), indicating that female gametophytic development in ebf1 ebf2 is normal. Pollen tube attraction is one of the most important functions of the female gametophyte. To test whether the female gametophytic defects of ebf1 ebf2 are associated with impaired pollen tube attraction, we pollinated the stigmas of both ebf1 À/À ebf2 +/À and wild type with wild-type pollen and examined the pollen tube growth. Sixteen hours after pollination, 96.57% of the ovules of wild-type plants had attracted one pollen tube (n = 423; Figure 2a In the canonical ethylene signaling pathway, EBF1 and EBF2 are responsible for the degradation of EIN3 (Guo and Ecker, 2003) . To test whether EIN3 accumulation in the ebf1 ebf2 female gametophyte is responsible for the defective pollen tube attraction, we pollinated the stigma of the ebf1
À/À triple mutant with wild-type pollen.
Sixteen hours after pollination, more than 70% of pollen tubes have entered the ovule of the ebf1 ebf2 ein3 triple mutant at the micropylar end (n = 343, Figure 2e ,f). Therefore, the removal of EIN3 from ebf1 ebf2 restored its pollen 
The number of different plant genotypes among selfed and reciprocally crossed progeny is shown. The TE F and TE M represent the transmission efficiency of the female and male gametophytes, respectively. The calculation of transmission efficiency was performed according to the following formula: mutants/wild-type progeny 9 100%. The chi-squared calculation showed that the ratio of progeny (ebf1
) using the wild type as female parent and ebf1
+/À as female parent differed extremely significantly from the expected ratio (1:1; double asterisks). P = 4.26E À12 (P < 0.001). The ratio of progeny (ebf1 +/À ebf2 +/+ and ebf1
) using ebf1 À/À ebf2 +/À as female parent and the wild type as female parent did not differ significantly from the expected ratio (1:1). P = 0.835 (P > 0.05). The ratio of selfed progeny (1:1.2) differs significantly from the expected ratio (1:1; asterisk). P = 0.015 (P < 0.05).
tube attraction, suggesting that EIN3 accumulation leads to the pollen tube attraction defect in ebf1 ebf2 female gametophyte.
Accumulated EIN3 at the micropylar end of ebf1 ebf2 ovule leads to synergid cell dysfunction Previous studies have reported that the protein level of EIN3 was elevated in ebf1 ebf2 seedlings and 2-week-old light-grown plants (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004) . To determine EIN3 localization in the female gametophyte of ebf1 ebf2, we made a P EIN3 :: EIN3-GFP construct and introduced it into wild-type and ebf1
+/À plants. GFP signals in the ovules of these transgenic lines were examined before pollination. In wild-type PEIN3::EIN3-GFP transgenic lines, no GFP fluorescent signal could be detected ( Figure 3a ). However, in the transgenic lines in the ebf1 À/À ebf2 +/À background, the GFP fluorescent signal was observed in 17.87% of ovules (n = 1080; Figure 3a ). The signal was over-accumulated at the micropylar ends of ebf1 ebf2 ovules. These results suggest that over-accumulation of EIN3 at the micropylar end was harmful to pollen tube attraction. The synergid cells, located at the micropylar end, are crucial for pollen tube attraction (Higashiyama, 2002; Yang et al., 2010) . To investigate whether synergid cell function was abnormal in ebf1 ebf2, we introduced the synergidspecific marker P DD31 ::GFP (Steffen et al., 2007) into ebf1
+/À plants to examine synergid cell identity, with ebf1 as a control. In the transgenic ebf1 lines, GFP signals were detected in more than 80% of female gametophytes (n = 554; Figure 3b ). However, in the ebf1
transgenic lines, GFP signals were detected in only 44.76% of female gametophytes (n = 791; Figure 3b ). The ebf1 À/À ebf2 +/À plant is expected to produce female gametophytes of ebf1 ebf2 and ebf1 EBF2 at a ratio of 1:1. These observations suggest that the identity of ebf1 ebf2 synergid cells was severely disrupted, which may further affect their function. Therefore, the EIN3 over-accumulation at the micropylar end of the ovule may affect synergid cell function.
(c) 
Overexpression of stabilized EIN3 in synergid cells leads to defective pollen tube attraction
To investigate whether EIN3 would affect synergid cell function or pollen tube attraction, we ectopically expressed EIN3 in synergid cells by DD31 promoter. Because EBF1 and EBF2 can directly interact with EIN3, and the C-terminus of EIN3 is required for this interaction (Guo and Ecker, 2003; An et al., 2010) , we made EIN3 constructs with different C-terminal length. These constructs were named P DD31 ::DEIN3 1-550 , P DD31 ::DEIN3
1-450
and P DD31 ::EIN3, respectively (Figure 4a ). In total, 12 and 15 transgenic plants were obtained for P DD31 ::DEIN3 1-550 and P DD31 :: 
EIN3 directly activates SAG29/SWEET15
EIN3 regulates the expression of the vast majority of ethylene-related genes in Arabidopsis (Chao et al., 1997; Solano et al., 1998) . It has also been reported that an EIN3-dependent ethylene response is activated after double fertilization, and this response is largely responsible for persistent synergid cell degradation and the consequent second pollen tube block (Maruyama et al., 2015) . However, the downstream gene targets of EIN3 in synergid cells that are related to synergid degradation and the pollen tube block are still unknown. Because synergid cell degeneration can be regarded as a process of senescence, we searched for candidate genes in the Leaf Senescence Database (Li et al., 2012) and selected genes with promoters containing a consensus EIN3 family binding sequence A(C/T)G(A/T)A(C/T)CT (Kosugi and Ohashi, 2000; Yamasaki et al., 2005) . We selected 19 genes as candidates for investigation (Table S1 ). Based on the e-FP website, three genes, SAG29 (senescence-associated gene 29)/SWEET15, ORE4 and senescence associated receptor protein kinase À/À ebf2 +/À ovules was about four times higher than that in the wild type, whereas the expression of ORE4 was lower, and that of SARK did not differ between the mutant and wild type (Figure 5b ). SAG29 encodes a member of the SWEET sucrose efflux transporter protein family. A previous investigation showed that P SAG29 ::GUS was highly expressed in ovules (Seo et al., 2011) . To test whether EIN3 directly regulates SAG29, an electrophoretic mobility shift assay (EMSA) was performed first. The EIN3 protein (amino acids 141-352) was able to bind to the labeled probe, while an unlabeled competitor probe could dose-dependently abolish the binding effect (Figure 5c ), indicating that EIN3 directly bound the SAG29/SWEET15 promoter. To further examine whether EIN3 could directly activate the expression of SAG29/SWEET15 in vivo, a transient dual luciferase assay in Arabidopsis protoplasts was also performed (Figure 5d ). Overexpression of EIN3 in protoplasts significantly increased the activity of the SAG29/ SWEET15 promoter to approximately four-fold that of the negative control (Figure 5d ), indicating that EIN3 directly activated the expression of SAG29/SWEET15. These results suggest that SAG29 might be involved in pollen tube attraction and embryonic development.
Expression of SAG29 driven by the DD31 promoter disrupts pollen tube attraction
To further study whether SAG29/SWEET15 is involved in pollen tube attraction, we overexpressed SAG29 in synergid cells by using the synergid-specific promoter proDD31. We constructed P DD31 ::SAG29 and transformed it into wild-type plants (Figure 6a ). Eight in 11 plants showed reduced seed set ( Figure 6b ). The siliques of these transgenic lines contained a number of spot-like aborted ovules that failed to develop into seeds on the placenta (Figure 6b ). In transgenic line one, there were only 51.3% normal ovules per silique (n = 486, Figure 6c ). Aniline blue staining showed that 46.29% of pollen tubes failed to enter an ovule (Figure 6d,e) . The ratio of abnormal ovules was consistent with that of the aborted seed number (Figure 6e) . Therefore, overexpression of SAG29 in synergid cells affects pollen tube attraction, suggesting that SAG29 regulated by the EIN3-dependent ethylene signaling pathway plays a role in blocking pollen tube attraction.
To examine whether the disruption of SAG29 can rescue the defective pollen tube attraction of ebf1 ebf2 ovules, we tried to generate an ebf1 ebf2 sag29 triple mutant. Unfortunately, neither the heterozygous plants (ebf1 promoter was used to drive the expression of EIN3; the empty vector was used as a control. The reporter construct was composed of two parts: the Renilla gene driven by the 35S promoter was used for internal normalization; the SAG25/SWEET15 promoter was constructed to drive the expression of LUCIFERASE. Right: the relative activity of LUC was significantly increased when EIN3 was overexpressed, which indicates the activation of the SAG29/SWEET promoter by EIN3. Asterisks indicate significant difference of the elevated LUC activity compared with that in the negative control (**P < 0.01, Student's t-test).
probable reason for this result might be the high linkage between the gene loci of EBF2 and SAG29 ( Figure S4 ). Additionally, SAG29 might require the expression of other EIN3 target genes to commonly affect pollen tube attraction.
SAG29 expression is elevated after pollination at the micropylar end of the ovule
Previous studies have shown that SAG29 transcripts are strongly expressed in ovules, and the SAG29 protein is expressed in seed coat cells (Seo et al., 2011; Chen et al., 2015) . To determine the detailed expression pattern of SAG29 in ovules, we made a construct of SAG29 fused with eGFP and driven by its native promoter, and transformed it into wild type. A weak SAG29-eGFP signal could initially be detected at the cells surrounding the micropylar end in un-pollinated ovules (Figure 7a) . At 2 h after pollination (HAP), the SAG29-eGFP signal was similar to that of an un-pollinated ovule (Figure 7b ). However, the signal was significantly elevated at 4 HAP, and it continuously increased at the micropylar end to reach a peak at 8 HAP (Figure 7c,d) , suggesting that SAG29 expression levels may be significantly activated by ethylene signaling at 8 HAP. Next, the signal started to decrease at 16 HAP (Figure 7e) and gradually disappeared at approximately 22 HAP (Figure 7f ). The expression dynamics of SAG29 in synergid cells are consistent with its function in blocking pollen tube attraction.
DISCUSSION
EBF1 and EBF2 play redundant roles to ensure female gametophytic and embryonic development Ethylene is widely involved in plant senescence and stress responses. EBF1 and EBF2 have been reported to control the degradation of EIN3, the key transcription factor of the ethylene signaling pathway (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004) . A previous investigation has indicated that ethylene signaling is also involved in plant reproduction, as ebf1 ebf2 homozygous plants could not be identified . In this study, we demonstrate that EBF1 and EBF2 affect female gametophytic and embryonic development, while the ebf1 ebf2 male gametophyte is functionally normal.
The synergid cells of the female gametophyte play the role to attract the pollen tube. We demonstrate that EIN3 over-accumulation in the synergid cells of ebf1 ebf2 blocks pollen tube attraction (Figures 2d,f and 3a) . However, genetic analysis reveals that about 33.3% of ebf1 ebf2 female gametophytes (ovules) are still functional (Table 1) . As ebf1 ebf2 pollen is functional and ebf1 could not be identified (Figure 1 ), this indicates that ebf1 À/ À ebf2 À/À is embryo lethal. Although we have no direct evidence of EIN3 accumulation in ebf1 ebf2 embryos, overexpression of the direct EIN3 target, SAG29, in synergid cells results in reduced fertility, and the knockout of EIN3 in the triple mutant ebf1
À/À led to restored fertility (Figure 1a,b) . EIN3 might accumulate in the embryo and lead to developmental defects. Pollen tube attraction by the female gametophyte and embryonic development are two indispensable processes of plant reproduction. Ethylene plays an important role in integrating environmental cues during plant stress responses and organ senescence (Abeles et al., 1992) . The repression of over-activated ethylene signaling can prevent abnormal senescence of the synergid cells and, therefore, ensure appropriate pollen tube attraction and guarantee successful sexual reproduction. ebf1 and ebf2 single mutant have no reproductive defects, suggesting that either EBF1 or EBF2 is sufficient to block ethylene signaling in the synergid cells and embryo. Therefore, possessing both EBF1 and EBF2 guarantees that synergid cells will attract pollen tubes under different environmental conditions before fertilization.
SAG29 activated by EIN3 plays a role in synergid function for pollen tube attraction SAG29/SWEET15 belongs to the SWEET family of sugar transporters (Chen et al., , 2012 . Previous research has shown that the expression level of SAG29 is significantly elevated during leaf senescence (Quirino et al., 1999; Seo et al., 2011) . SAG29 might function with SWEET11 and SWEET12 in providing nutrition between the seed coat and endosperm during embryonic development (Chen et al., 2015) . In this work, SAG29 expression was evidently increased in ebf1 ebf2, and EIN3 can directly activate SAG29 expression ( Figure 5 ). Transgenic lines expressing SAG29 in synergid cells showed disrupted pollen tube attraction ( Figure 6 ). Cytological observations showed that SAG29-eGFP was expressed at the micropylar end of the ovule (Figure 7) . Therefore, SAG29 plays a role in ethylene signaling to block pollen tube attraction. As a sucrose transporter, SAG29 can transport polysaccharides . Sugar is the fundamental material for cell development. Overexpression of SAG29 might lead to the excess inflow or outflow of sugars, which disrupts the sugar metabolism and affects the osmotic pressure of the cell. In addition, a recent study reported that the arabinogalactan polysaccharide material (AMOR) was crucial for the acquisition of ovule attraction competence by the pollen tube (Mizukami et al., 2016) . The SAG29-eGFP location is similar to that of AMOR (Figure 7 ). SAG29 may be associated with the secretion of AMOR sugar chains or other attractants. Over-accumulation of SAG29 might interfere with the normal transportation of these attractants. However, the statistical data of the EIN3 and SAG29 overexpression lines showed a lower efficiency of blocking pollen tube attraction than that of the EIN3 overexpression lines (Figures 4f and 6e ). EIN3 may also activate the expression of other genes that participate in blocking pollen tube attraction.
Ethylene signaling blocks pollen tube attraction
Synergid cells play the major role in attracting a pollen tube to enter the embryo sac. After the first pollen tube enters the embryo sac, the attraction of other pollen tubes is blocked, so that only one pollen tube can be attracted into the ovule. Therefore, the plant has developed a mechanism to repel the attraction of a second pollen tube. Previous investigations have indicated that ethylene signaling is involved in the pollen tube block. In ein2, ein3, and ein3 eil1 mutants, multiple pollen tubes enter the embryo sac (Volz et al., 2013) . In this work, pollen tube attraction was found to be blocked in ebf1 ebf2 double mutants, and EIN3 accumulated at synergid cells, supporting the hypothesis that ethylene signaling is a key factor for the establishment of the second pollen tube block system. A previous study proposed that the second pollen tube block system occurs in a three-step process (Maruyama et al., 2015) . The first step is synergid-endosperm fusion, and the pollen tube attractants are diluted after synergid-endosperm fusion. The second step is the activation of ethylene signaling, and the third step is the disorganization of the synergid cell nucleus (Maruyama et al., 2015) . Cell fusion is a drastic process, which may trigger significant changes of materials within cells. Ethylene signaling is quite sensitive to environmental change. EIN3 might accumulate greatly in a short time due to this change and consequently activate the expression of SAG29 ( Figure 5 ). As a sugar transporter, the activated SAG29 might lead to the loss of sugars in the synergid cells, which may be required for blocking the second pollen tube.
EXPERIMENTAL PROCEDURES
Plant material, growth conditions, and mutant identification
The ebf1-1 and ebf2-1 single and double mutants, ein3-1 and ebf1 ebf2 ein3 triple mutants and Arabidopsis ecotype Col-0 used in this report were previously described (Guo and Ecker, 2003; An et al., 2010) . The sag29 mutant used in this study is a T-DNA tagged mutant (Salk_116181) obtained from the Arabidopsis Biological Resource Center (www.arabidopsis.org). Seeds were sown on vermiculite and allowed to vernalize for 3 days in a 16 h light/ 8 h dark photoperiod. All transgenic plants were screened on PNS or 1/2 MS medium with 50 mg L À1 hygromycin B. The T-DNA insertion sites in ebf1 and ebf2 were identified by PCR (Guo and Ecker, 2003) . The primers are summarized in Table S2 . The mutant ein3-1 is a point mutant identified by enzyme digestion after PCR.
Plasmid construction and transformation of plants
The P DD31 ::GFP constructs were created by cloning the promoter following the method of a previous study (Steffen et al., 2007) . The P EBF1 ::EBF1-GFP and P EIN3 ::EIN3-GFP constructs were created by cloning the EBF1 and EIN3 promoters and genomic sequences into the KpnI/BamHI and EcoRI/NcoI sites of the binary vector pCAMBIA1300-GFP-NOS. The primer sequences used for PCR are shown in Table S2 . All constructs were verified by DNA sequencing. The constructs were introduced into Agrobacterium tumefaciens strain GV3101 by exposure to liquid nitrogen for 1 min and a 37°C water bath for 5 min. Then, the strain was shaken at 28°C for 3 h and plated on solid LB medium. The medium was then placed in a 28°C incubator for 2 days. The strain containing the vector was transformed into ebf1
Confocal analysis of female gametophyte structure and the expression pattern of transgenic plants
Confocal laser scanning microscopy was used to analyze ebf1
À/À ebf2 +/À and wild-type plants as described (Christensen et al., 1998a,b) . For observing GFP expression in the female gametophyte, we emasculated flowers at stage 12c (Smyth et al., 1990) and removed flowers from plants. Then, the sepals, petals, and stamens were removed, and the carpel was dissected from the walls by using a syringe needle. The ovules were mounted on a slide in 10 mM phosphate buffer (pH 7.0). To accurately determine GFP expression in the female gametophyte, we analyzed T 2 lines for each construct.
RNA extraction from ovules and qRT-PCR
Pistils were harvested from mutant and wild-type flowers at stages 12c and 13 (FG4-FG7) by removing the surrounding sepals, petals and stamens under microscopy. Pistils were placed without stigmas, styles or pedicels into 1.5-ml tubes (RNase-free) and treated with liquid nitrogen. Then, a steel ball treated overnight at 180°C was placed into each tube, and 1 ml TRIzol was added. The tubes were then placed in a tissue lyser and shaken for 1 min at 60 Hz. The first-strand cDNA was obtained by using the Toyobo First-Strand cDNA Synthesis kit. Quantitative PCR analysis was performed as described previously (Lou et al., 2014) . The b-tubulin gene was used as a positive control, and each sample was repeated with three replicates. The relative expression levels were calculated according to cycle number. The related primer sequences are provided in Table S2 .
Fluorescence staining of pollen tubes
Wild-type, ebf1
, and ebf1
À/À flowers were emasculated overnight and then crossed with wild-type pollen grains for 16 h. Pistils were cleared in Carnoy fluid for 4 h and then washed with phosphate buffered saline (PBS, pH 7.4) three times. The samples were then softened with 7 M NaOH overnight and washed with PBS (pH 7.4). Finally, the pistils were stained with a diluted aniline blue staining solution for 10 min. An Olympus BX51 fluorescence microscope was used for observation.
Electrophoretic mobility shift assay
Construction of a plasmid for the expression of recombinant EIN3 protein (amino acids 141-352) in the Rosetta E. coli strain and purification of the EIN3 protein were as described (Li et al., 2013) . EMSA involved use of a Light Shift Chemiluminescent EMSA kit (Thermo Scientific). The DNA fragment containing the consensus sequence (ATGTAC) in the SAG29 regulatory region was generated by PCR amplification with specific primers (see supplement) that were used to generate a biotin-labeled DNA fragment. The EMSA was performed with a Light Shift Chemiluminescent EMSA kit (Thermo Scientific, Shanghai, China, http://www.thermoscientif ic.com). The binding reactions, which contained 109 binding buffer, 0.05 mg ml À1 poly (dI-dC), EIN3-pMAL recombinant fusion protein and biotin-labeled DNA, were performed at room temperature for 20 min. The subsequent processes were performed according to the manufacturer's instructions.
Dual transient expression assay in Arabidopsis protoplasts
To generate luciferase reporter constructs, the promoter of SAG29 (833 bp) was amplified from Col-0 genomic DNA and cloned into pGreenII 0800-Luc, with the SAG29 promoter driving a firefly luciferase (LUC) gene and a CaMV 35S promoter driving a Renilla luciferase (REN) gene. The 35S:EIN3 effector construct was generated with the full-length EIN3 coding sequence (CDS) and cloned into the vector pEarleyGate203 to obtain pEarley203-EIN3 by recombination, as described in Qiu et al. (2015) . The primers used for all constructs are listed in Table S2 . The protoplast isolation and transformation methods were also described in Qiu et al., 2015. 
ACCESSION NUMBERS
Accession numbers for each of the gene referred to in this work are as follows: EBF1, At2g25490; EBF2, At5g25350; EIN3, At3g20770; SAG29, At5g13170. Figure S4 . Diagram of the gene location of EBF1, EBF2 and SAG29 on the Arabidopsis chromosomes. Table S1 . Putative EIN3 targets with high or specific expression in ovules. Table S2 . The primer sequences used in this study.
